Left atrium posterior wall (LAPW) is an essential target for transcatheter radiofrequency ablation (RFA) of atrial fibrillation (AF), but poses problems due to retroatrial structures potentially damaged by RF. Intracardiac echocardiography (ICE) can be integrated with the 3D electro-anatomical map and can give unique real-time anatomical information about all closely-located pericardiac structures. The present study aimed to automatically detect dynamic oesophagus position and its spatial relationship from the LAPW by ICE during RFA. A fast algorithm based on the evaluation of gray-level intensity distribution in the image and was developed to detect distal and proximal oesophagus boundaries. The algorithm was tested in 15 ICE acquisitions. The detected oesophagus boundaries and those manually traced (MT) were compared and in 5 ICE sequences, dynamic tracking of proximal oesophagus boundary was performed. Mean analysis time was 4.5 sec/frame. Detected oesophagus wall positions were in good agreement with MT. Mean minimum dynamic distance between LAPW and oesophagus proximal wall during acquisition was 0. 3±0.2mm (range: 0.0-0.6mm). This technique allows automated and accurate dynamic detection of LAPW and oesophagus position in ICE sequences. It represents a first step for dynamic quantification of oesophagus real-time position' changes and its distance from the LAPW to prevent oesophagus injuries.
Introduction
Intracardiac echography (ICE) is used during radiofrequency ablation (RFA) of atrial fibrillation (AF) to reconstruct 3D electro-anatomic maps of left atrium (LA) to monitor potential complications, including oesophageal injuries. In fact, left atrium (LA) posterior wall (LAPW) comprises essential targets for RFA of AF, but poses problems due to a complex anatomy and to retro-atrial structures potentially damaged by RF, mostly the oesophagus and the related plexi and nerves [1] . By the constant direct visualization, potential complications can be monitored. Apart from the dreaded atriooesophageal fistula, which is fortunately rare (<0.1%) [2] , oesophageal lesions have been described in 1.6-28% of cases, and endoscopic mucosal lesions are present in up to 20% of cases [1, 3, 4] . No preventative method has gained wide acceptance yet. Intracardiac echocardiography (ICE) can be integrated with the 3D electro-anatomical maps constructed by CARTO system (Biosense Webster, Diamond Bar, CA, USA), and can give unique real-time anatomical information about all closely-located peri-cardiac structures [5, 6] .
In clinical practice, however, the positions of LAPW and oesophagus are monitored by manually tracing ICE images which can be transferred onto a 3D electroanatomical map. LAPW and its distance from the oesophagus are only visually assessed. This tracing procedure is imprecise, time-consuming, cumbersome and represents a freezed representation of a dynamic situation. In addition, oesophagus visual assessment does not allow quantitative evaluation of LAPW-oesophagus relationship.
Accordingly, the present study aimed at automatically detect and monitor oesophagus position and its spatial relationship from the LAPW by ICE during RFA of AF.
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Oesophagus boundaries tracking Figure 1 . Workflow of the proposed method for oesophagus detection and tracking from ICE sequences.
2.
Methods
In this section oesophagus boundaries detection procedure is described ( Figure 1 ).
Image acquisition
Fifteen ICE sequences were acquired in the Electrophysiology Laboratory of Santa Maria delle Croci Hospital in Ravenna, Italy, during AF ablation procedures. Image sequences were stored on an echographic system (ASCUSON Cypress plus, Siemens), then exported in avi format using a magnetic optic device (DynaMO 1300U2, Fujitsu). An algorithm was developed to get each frame from the acquired sequence. Images were acquired when both the atrium and the esophagus were visible in the echo scan.
Image processing
To detect LAPW in each frame we applied a previously developed algorithm aimed at LA segmentation from ICE [7] . Briefly, due to the different amount of noise and artefacts in the LA cavity, acquired sequences were automatically divided into two classes: high noisy images, characterized by high presence of noise inside the LA chamber, and low noisy images, characterized by very low noise inside the chamber. Two different segmentation methods were developed to detect the LAPW in each class of images, the region-based Chan-Vese level-set method (CV) [8] and the clustering K-means algorithm (CL) [9] (Figure 2 ).
Once LAPW was detected, a fast algorithm based on the evaluation gray level intensity distribution in the image was developed to detect candidate pixels belonging to the oesophagus proximal wall in the echo scan in which LA mask was subtracted. The research of oesophagus proximal candidate pixels was guided by considering oesophagus anatomy and continuity of his boundaries ( Figure 3A) . These pixels were the fitted using a forth order model ( Figure 3B ).
For distal oesophagus boundary detection, considering the variability in ICE scan as well as variability in oesophagus appearance, we first took into account the two cases in which oesophagus lumen could be or not included in the echo scan ( Figure 4) . A template matching technique was applied to discriminate the two cases for each frame in the acquired ICE sequence. This detection was automatized by applying a template matching algorithm maximizing cross-correlation between image scan line derivatives in the region immediately on the left of the proximal oesophagus boundary. A simple second order model was used for fitting candidate pixels of the distal oesophagus boundary ( Figure 5 ). Once oesophagus boundaries were correctly detected in the first frame of the ICE sequence, the proximal oesophagus detection procedure was repeated throughout the ICE dynamic acquisition, in each frame in which a cross-correlation measure of similarity between the current frame and the previous one in which oesophagus proximal boundary was detected, was higher than 0.97. This resulted in a dynamic tracking of the oesophagus proximal boundary.
The algorithm was tested on 15 ICE acquisitions. In 15 images, one for each ICE sequence, detected oesophagus boundaries were compared with manually traced (MT) ones by an experienced cardiologist. Mean oesophagus thickness and the distance between esophagus proximal boundary and LAPW was also computed.
In 5 ICE sequences, dynamic tracking of proximal oesophagus boundary was performed and its distance from the LAPW was evaluated throughout the sequence.
Results
Fifteen ICE sequences were successfully analyzed (10 applying the CV based method and 5 applying the CL based technique) for a total of 3158 frames.
Mean analysis time was 4.5 sec/frame. Examples of detected oesophagus boundaries in six different ICE sequences are shown in Figure 6 .
An example of the comparison between the detected oesophagus contours (in red) and the manually traced oesophagus boundaries by an experienced cardiologist (in green) is shown in Figure 7 .
Overall, detected oesophagus positions were in good agreement with MT (bias=-0.17 mm, LOA: ± 3,71mm) (see Table 1 ).
Computed mean average distance between LAPW and oesophagus proximal wall was 2.6±1.7 mm (range: 0.6-6.5 mm). In this group of fifteen images the mean minimum distance resulted in 0.4±0.4 mm (range: 0-1.4 mm). Mean oesophagus thickness was 6.4±2.8 mm (range: 2.8-13.9 mm). Proximal oesophagus wall tracking results in 5 ICE sequences are reported in Table 2 . 
4.
Discussion and conclusion
Despite the suboptimal quality of the ICE images and the huge variability in echo scan and oesophagus anatomy durin RFA of AF, the proposed algorithm was able to automatically detect and monitor LAPW and proximal and distal oesophagus boundaries accurately and reliably. It represents a first step for 3D real-time tracking of LAPW and oesophagus placement monitoring during AF RFA to prevent oesophagus injuries.
These preliminary results are promising but further validation on a large number of ICE datasets is necessary, hopefully including data in DICOM format. 
